promoting efficient clearance of an infection (18) , and it also boosts antigen presentation by these cells via enhancing fluid-phase endocytosis and increasing the expression of molecules involved in antigen presentation (19, 20) . Extracellular acidity is also needed for the hydrolytic activity of lysosomal enzymes secreted by the phagocytes, and thereby tends to augment the extracellular destruction of bacteria. By allowing the secreted lysosomal cathepsins to retain their activity, extracellular acidity also facilitates the movement of immune cells into the site of action (21) .
Similar to other inflammatory sites, acidic extracellular pH is found also in atherosclerotic lesions. In the report by Naghavi et al. (22) , pH values as low as 6.8 were measured using a microelectrode in the subendothelial areas of human carotid plaques, and differences as great as 1.0 pH units were noted within most plaques. In addition, visualization of the plaques with two pH-sensitive fluorescent dyes indicated that the pH may reach values even below 6. In this review, we describe results from various experimental settings providing strong supportive evidence that an acidic microenvironment in the arterial intima could have a direct role in atherogenesis. Importantly, in the context of atherosclerosis, many of the acidity-induced physiological cellular functions that have evolved to aid, e.g., in the killing of bacteria, become maladaptive and actually may aggravate atherogenesis, particularly by affecting several key elements of the intimal lipoprotein metabolism involved in the progression of atherosclerosis.
Mechanisms of local acidification in atherosclerotic plaques
Tissue hypoxia and acidification may be linked via enhancement of glycolytic cellular metabolism at the hypoxic areas. Hypoxic cells have been visualized in human carotid atherosclerotic lesions using the hypoxia marker pimonidazole that becomes reductively activated by intracellular redox enzymes at oxygen tensions ≤ 10 mmHg and forms adducts with thiol groups of proteins (23, 24) . Immunohistochemical staining of the pimonidazole adducts showed strong hypoxia in macrophages near the deep intimal core regions of the lesions and, furthermore, the hypoxic macrophages colocalized with nuclear staining of hypoxia-inducible by guest, on August 15, 2017 www.jlr.org Downloaded from transcription factor 1α (HIF1α), a major regulator of cellular response to hypoxia that induces, e.g., the metabolic switch to glycolysis (25) . Consistent with the data from human lesions, hypoxia was detected in macrophages present in the lipid core region of advanced rabbit atherosclerotic plaques, and, moreover, high lactate levels were measured in the same areas indicating induction of glycolysis (26) .
As stated above, several types of activated immune cells, including the macrophages abundant in atheromas, favor energy production by glycolysis even in normoxic environment (reviewed in (8, 27) ). This phenomenon of aerobic glycolysis, known as the Warburg effect, was first described in cancer cells by the worldrenowned biochemist Otto Warburg (28) . Curiously, it seems that aerobic glycolysis is specifically upregulated by proinflammatory, not by anti-inflammatory activation of immune cells; classically activated proinflammatory M1 macrophages and T helper cells display a glycolytic phenotype, whereas alternatively activated M2 macrophages and regulatory T cells with anti-inflammatory properties are characterized by enhanced oxidative phosphorylation (27) . In resting J774.A1 macrophages under normoxia, mitochondrial respiration and aerobic glycolysis contribute roughly equally to the rate of ATP synthesis, the latter being dependent on constitutive low level expression of HIF-1α protein (29) . Classical M1 type proinflammatory activation by lipopolysaccharides (LPS) and interferon- (IFN-) triggers a rapid decline of mitochondrial ATP synthesis to a negligible level via induction of NO synthesis and increased HIF-1α levels, resulting in a 4-fold increase in the glycolytic ATP production (29) . Despite complete inhibition of respiration, cell death remains low in activated macrophages even after 72 hours, which is attributed to maintenance of high mitochondrial membrane potential via reverse functioning of mitochondrial F 0 F 1 -ATP synthase (29, 30) . Basal metabolism in resting mouse peritoneal macrophages is predominantly glycolytic though metabolic flux is slow, and the rate of glycolytic flux is greatly increased by classical activation (LPS+ IFN-), innate activation (LPS or other TLR agonists alone), but not by alternative activation (IL-4/IL-13; IL-10) (31) . The importance of HIF-1α and glycolysis in macrophage energy metabolism under normoxia is further highlighted by the drastic decrease in steady state ATP levels in HIF-1α deficient macrophages (32) and by the marked increase in the expression of by guest, on August 15, 2017 www.jlr.org Downloaded from glycolytic enzymes during differentiation of human monocytes into macrophages (33) . Similar to macrophages, pro-inflammatory activation of dendritic cells through Toll-like receptors and of T lymphocytes through the T cell receptor triggers a HIF-1α-dependent increase in glycolytic metabolism (34, 35) . The rationale behind the strong induction of aerobic glycolysis in activated macrophages and other immune cells most likely lies in the strong induction of various biosynthetic pathways and proliferation in these cells; glycolysis is not only a rapid source of ATP, but high glycolytic rate also promotes accumulation of glycolytic intermediates that are mainly fed into the pentose phosphate pathway for the production of amino acids, nucleotides, and NADPH (8) . Another possible rationale for glycolytic energy production is the compensation of a shift in mitochondrial function from production of ATP towards production of mitochondrial ROS, which was recently shown to have an important role in macrophage bactericidal activity (36) .
Taken together, levels of both anaerobic and aerobic glycolysis are likely to increase in the intimal cells during lesion development, resulting in increased production of lactate and H + . The excess H + and lactate are secreted from the cells through the activity of several pumps, exchangers, and transporters, which locally decreases the extracellular pH ( Fig. 1) . Indeed, both increased lactate concentrations (26) and extracellular acidification (22) are observed in atherosclerotic lesions.
Effect of local acidosis on immune functions of macrophages
It has been known for decades that macrophages are able to adapt to and survive the local acidosis that develops at acute inflammatory sites (37) . Thus, macrophages, the most abundant immune cells in atherosclerotic lesions, will remain viable despite the acidic microenvironment of the atherosclerotic intima and are subject to acidosis-induced modulation of their immune functions. Of note, extracellular acidity decreases also the intracellular pH of macrophages (38) Fig. 2 ). For a review of the effects of pH on lymphocytes and neutrophils, we commend the excellent review by Lardner (14) .
One of the central features emerging from studies of macrophages in acidic environments is the modulation of various cellular uptake mechanims by pH. At pH 6.5, the avidity of heat-aggregated human IgG immune complexes to monocyte and macrophage FcγRs was double that at pH 7.3 (39) .
Furthermore, preincubation of macrophages at pH 6.0 led to enhanced FcγR-mediated phagocytosis of IgG-opsonized latex beads and bacteria at pH 7.4 without increasing the binding of particles to the cell surface (18) . Thus exposure to an acidic environment enhances FcγR-mediated uptake both via increased binding to FcγR and via increased activity of the internalization machinery. In a recent study, expression of the phosphatidylserine receptor, stabilin-1, on macrophages was shown to be increased at pH 6.8, resulting in enhanced clearance of apoptotic cells (40) . Finally, extracellular acidosis enhanced fluid phase endocytosis by macrophages and dendritic cells, accompanied by increased expression of molecules involved in antigen presentation, including major histocompatibility complex I and CD86 (19, 20) .
Macrophage-generated reactive oxygen species (ROS) are an important component of their bactericidal activity; however, excessive ROS production may cause oxidative damage to the producing cell and its surroundings. Macrophage superoxide production in response to phorbol myristate acetate was decreased both by extracellular and intracellular acidosis (41, 42) . On the other hand, acidic pH increases the rate of superoxide dismutation into hydrogen peroxide, and protonation of superoxide anions at acidic pH generates a species with increased reactivity (43) . Regarding atherosclerosis, the net effect of the apparently two-way modulatory influencesof extracellular acidosis on ROS production are reflected by increased iron-catalyzed extracellular LDL oxidation by macrophages, which could be explained by enhancement of the hydrogen peroxide -dependent Fenton reaction producing hydroxyl Recently, we and others have shown that acidic pH stimulates the secretion of the key proinflammatory and pro-atherogenic cytokine interleukin (IL)-1β in primary human monocytes and monocyte-derived macrophages (38, 50) . IL-1β production is tightly regulated; the inactive procytokine, pro-IL-1β, is only expressed following specific stimulation and cleavage of the procytokine by caspase-1 protease is required for biological activity. Monocytes constitutively express active caspase-1, and thus IL-1β is proteolytically activated and secreted immediately after induction of pro-IL-1β expression (51), as exemplified by acidic pH -induced pro-IL-1β expression and secretion (50) . In contrast, caspase-1 in macrophages is in the inactive pro-form and, therefore, pro-IL-1β expression and caspase-1 activation are both required for secretion of mature IL-1β (51) . We showed that extracellular acidity has no effect by guest, on August 15, 2017 www.jlr.org
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on pro-IL-1β expression in macrophages. However, when macrophages were stimulated with LPS to produce pro-IL-1β, extracellular pH 6.0-7.0 triggered activation of caspase-1 via the NLRP3 inflammasome and high-level secretion of mature IL-1β, as well as that of IL-18, another caspase-1 target cytokine (38) . We also found synergy between low pH and cholesterol crystals, another activator of the NLRP3 inflammasome (52, 53) , in induction of IL-1β secretion (38) . Confirming the strong proinflammatory potential of acidic environment, a very recent microarray study compared macrophage gene expression at pH 7.4 and 6.8 and found 353 differentially expressed genes that showed marked enrichment of pathways related to inflammation and immune responses (54).
How might these changes in macrophage immune function relate to atherogenesis in the arterial wall?
As discussed above, extracellular acidosis increases the FcγR-mediated uptake of immune complexes.
Immune 
Acidic extracellular pH increases the retention of atherogenic lipoproteins
Atherosclerosis is characterized by the extra-and intracellular accumulation of lipoprotein-derived lipids. Low extracellular pH affects many of the processes involved in lipid accumulation (Fig. 3) . Upon entering the subendothelial arterial intima, LDL particles encounter a dense extracellular matrix network rich in proteoglycans, collagen, and elastin, with which the LDL particles tend to interact.
Especially important is the interaction with proteoglycans (57,58), which initiates LDL retention in the intima (59, 60) , particularly at the atherosclerosis-prone sites, where the proteoglycan composition favors the retention of apoB-containing lipoproteins (61, 62) . In addition to LDL, other apoBcontaining lipoproteins (chylomicron remnants, VLDL, and IDL) also bind to proteoglycans, albeit less tightly (63) (64) (65) , and can therefore contribute to lipid accumulation in the intima (66) . Recently, Mendelian randomization studies have provided strong supportive evidence for the causative roles of both LDL and triglyceride-rich lipoproteins in the development of cardiovascular disease (67).
The affinity of lipoproteins for proteoglycans is quite low at neutral pH, but acidic pH significantly enhances the binding of all three atherogenic apoB-100-containing lipoproteins (VLDL, IDL, and LDL) to human aortic proteoglycans (68, 69) . The lipoprotein-proteoglycan interaction is mediated by certain positively charged sequences in apoB which contain lysine and arginine residues and negatively charged sulfate and carboxyl groups in the proteoglycan glycosaminoglycan chains. At acidic pH, additional sequences of apoB are likely to be important for the interaction: since the pK a of histidine side chains is ~6.0, the positive charge of the histidine residues increases as the pH decreases around this pH, histidine residues of apoB-100 may also be involved in the interaction with proteoglycans. In contrast, the negative charge of the sulfate and carboxyl groups in the proteoglycans are unlikely to be affected by the degree of acidification found in the arterial intima, since they have a pK a of <2.0 and (105, 106) , and at acidic pH it is more active against lipoproteins (69) . The activity of the PLA 2 s is largely determined by their ability to bind to substrate membranes (107, 108) and it is sensitive to changes in the lipid membrane induced e.g. by acidic pH. The electric charge distribution at the membrane interface of zwitterionic phosphatidylcholine PC molecules is determined by interaction of the phosphate and amine groups with counterions, such as protons and hydroxide ions (109) . At neutral pH, the lipid head groups associated with hydroxide ions are the predominant form, meaning a net negative charge, but the increased proton concentration of acidic pH tends to enhance the association of the protons with the head groups and so enhance their charge-neutral character (109, 110) . This may enhance the interaction between LDL and PLA 2 -V and so explain the observed acidity-increased activity of PLA 2 toward LDL (69) . Acidity also affects the fate of the products of PLA 2 activity. At neutral pH and physiological albumin concentration, most of the FFAs and lysophospholipids generated through PLA 2 -dependent hydrolysis of LDL particles are readily scavenged by albumin; however, at acidic pH the ability of albumin to bind the lipolytic products is decreased, and more of the lipolytic products remain in the LDL particles (111) . This likely results from the property of albumin to preferentially bind the FFAs in their anionic form (112, 113) ; at acidic pH the FFAs are largely uncharged.
Sphingomyelinase hydrolyzes sphingomyelin on the surface of lipoprotein particles into ceramide and phosphocholine. Secretory sphingomyelinase (SMase) , a product of the acid sphingomyelinase gene, is able, at neutral pH, to hydrolyze PLA 2 -digested, proteolyzed, or apoC-III -enriched LDL, as well as LDL extracted from human atheromata (82, 114) . Digestion induced by secretory SMase is promoted at acidic pH (82, 114, 115) . In vitro, SMase-modified LDL particles promptly aggregate, the aggregate size increasing by synergy with chondroitin-sulfate rich proteoglycans and lipoprotein lipase (72) .
Aggregate size after SMase digestion also increases as the pH drops, and these aggregates at pH 5.5
can ultimately span several micrometers (116) . Consistent with these in vitro results, some of the ceramide-containing LDL particles in human atherosclerotic lesions become large micron-sized aggregates (117) . Ceramide efficiently displaces cholesterol from lipid bilayers into the crystalline phase, thus promoting cholesterol crystal nucleation (118, 119) . Therefore, the combined actions of SMase and cholesterol esterase on LDL may be important for cholesterol crystallization (87, 94) , particularly in acidic environments, where these enzymes are most active.
Oxidative modification of lipoprotein particles leads to formation of lipid peroxides, which further decompose into aldehydes that react with the protein components of the particle. Acidic pH enhances oxidation of LDL by iron, nitric oxide, and myeloperoxidase (reviewed by Leake (71)). Interestingly, acidic pH induces the aggregation of oxidized LDL (120), but, unexpectedly, LDL oxidized at acidic pH is less cytotoxic than LDL oxidized at neutral pH (121) . In contrast to the proteolytic and lipolytic modifications that enhance LDL-proteoglycan binding, oxidation decreases the binding of LDL to proteoglycans due to the neutralization of positively charged lysine residues in apoB-100 (122).
However, oxidized LDL particles can bind to human aortic proteoglycans under acidic conditions despite the oxidation-induced decrease in their affinity for proteoglycans (123) .
Acidity increases LDL uptake by macrophages
The appearance of macrophage-derived foam cells in the intima is the hallmark of developing atherosclerotic lesions. Foam cells are formed when macrophages take up modified apoB-containing lipoproteins via various mechanisms including scavenger receptor-mediated uptake and phagocytosis (124) . Also, aggregated LDL bound to the components of the extracellular matrix produced by smooth muscle cells are readily taken up by macrophages (72) . Extracellular acidosis enhances the uptake of native and modified LDL particles by macrophages through increases in the levels of cell surface proteoglycans, and of LDL-proteoglycan binding (69, 125) . These proteoglycans are most likely heparan-sulfate rich proteoglycans of the syndecan family (126, 127) . Extracellular acidosis may also accelerate foam cell formation by enhancing lipoprotein modifications that promote lipoprotein uptake by macrophages (69, 79, 116, 120) . Cholesterol efflux induced by HDL initiates the reverse cholesterol transport (RCT), which transfers peripheral cholesterol to the liver for ultimate excretion in the gut (134) . Because reduction of the cholesterol pool in arterial macrophages can prevent progression of atherosclerosis or even induce its regression, the particular path of RCT that initiates in the macrophage foam cells (macrophage-RCT) is the most relevant fraction of the total body RCT regarding atherosclerosis (135) . In human macrophage foam cells, enhanced cholesterol efflux in response to LXR activation appears to be entirely dependent upon the lipid transporter ABCA1 (136), which promotes cholesterol efflux to lipid-free apoA-I and to the nascent, lipid-poor preβ-migrating HDL subpopulation (preβ-HDL) (137) . Importantly, cholesterol loading induces a compensatory response in macrophages by up-regulating ABCA1 mRNA and protein expression (138) .
Various conditions present in the atherosclerotic intima, such as hypoxia (139), inflammation (140) , and oxidative stress (141) reduce the ABCA1-mediated cholesterol efflux from macrophage foam cells. We found that acidic pH also reduces ABCA1-mediated efflux of cholesterol from cultured human macrophage foam cells to apoA-I (142). Since the -helical content and secondary structure of lipid-free apoA-I are not affected by low pH (109), our finding strongly suggests that acidity impairs the function of ABCA1 rather than the function of apoA-I. Consistent with this speculation, we found that impaired cholesterol efflux from macrophages cultured in medium with a pH value of pH 5.5 or 6.5 is accompanied by progressive reduction in the levels of the ABCA1 protein.
In accord with this in vitro finding, the ABCA1 protein level is significantly reduced in whole extracts of human carotid atheromas (143, 144) , and, moreover, ABCA1 mRNA was found not to be expressed in the foam cells within the necrotic core of advanced plaques in human atherosclerotic aortas (145) , where the intimal fluid most likely has an acidic pH. It is plausible to assume that acidification of the extracellular fluid has additional effects on the activity of ABCA1 in cholesterol efflux; this may be through alterations in the physical properties of ABCA1 and the spatial geometry of the plasma membrane, which is thought to be the main location of ABCA1-mediated apoA-I lipidation (146) , or through effects on the electrostatic interaction between ABCA1 and apoA-I (147). Moreover, secretion of apoE, which also stimulates ABCA1-mediated lipid efflux (148) , is reduced in macrophages incubated at acidic pH (142) . Taken together, these findings support the notion that the cholesterol efflux-mediating activity of ABCA1 in macrophages is reduced by the low extracellular pH found in advanced atherosclerotic lesions (9) . Since the interaction of ABCA1 with apoA-I inhibits the expression of inflammatory cytokines in macrophages (149), the lack or low activity of ABCA1 in acidic microenvironments may exacerbate atherogenesis also by leading to enhanced pro-inflammatory responses in the lesional macrophages.
A small labile pool of apoA-I constantly recycles on and off HDL particles during metabolic remodeling in vivo (150, 151) , thereby exchanging apoA-I molecules with the pre-HDL pool. In this regard, we have shown that an acidic pH in vitro promotes remodeling of the mature HDL particles resulting in formation of preβ-HDL and fusion of the -migrating HDL (152) . Such remodeling was initiated by unfolding of the apolipoproteins on the surface of HDL particles, which was followed by the release of apoA-I from the particles, resulting in the generation of unstable, apoA-I-deficient HDL particles that then fuse. However, it is important to note that since lipid-poor apoA-I is extremely sensitive to proteolysis, the proteases known to be secreted by intimal cells will easily render it non-functional (153) . Indeed, we have found that various acidic cathepsins found in atherosclerotic lesions (81, 154 ) also effectively degrade apoA-I both in lipid-free and lipid-poor forms with loss of their cholesterol efflux-inducing activity (155) . Thus, the production of HDL-derived lipidfree or lipid-poor apoA-I in atherosclerotic plaques may increase as a result of acidification of the intimal fluid, but such generated apoA-I species may also be degraded when acidic proteases gain in function in the low pH microenvironment (Fig. 3) .
Based on above-described fragmentary and apparently two-way processes regarding the effects of acidity on HDL-dependent mechanisms which regulate cholesterol efflux from macrophage foam cells, the envisioned scenario of such acidity-dependent effects on atherogenesis remains undefined. Thus, while acidity induces remodeling of HDL and ensuing generation of lipid-poor apoA-I species, the lipid- poor species of apoA-I may easily be lost due to extracellular degradation by acidic proteases.
Moreover, the expression of ABCA1 in macrophage foam cells at acidic pH is low or absent, and so may compromise cholesterol clearance from foam cells in an arterial segment with an acidic extracellular pH (142) . Since the first of the three acidity-induced processes tends to increase, and the two latter ones to decrease cholesterol efflux, it is impossible even to predict the net effect of acidity on cholesterol efflux from macrophage foam cells in an acidic environment in vivo.
Concluding remarks and future perspectives
By virtue of its ability to enhance extracellular and intracellular lipid accumulation and to promote proinflammatory processes in macrophages, extracellular acidity has emerged as a novel and macrophages, analogous to the evolution of an acid-resistant cell population in solid tumors (157) .
There may be an additional level of selection if smooth muscle cells in the atherosclerotic lesion are sensitive to acid-induced cellular toxicity. Indeed, extracellular acidosis inhibits proliferation and migration of VSMCs, and also increases their susceptibility to apoptosis (158) . Thus, in response to the selection pressure from the microenvironmental pH, the lesion could gradually become enriched with acid-resistant macrophages and depleted of smooth muscle cells -a population imbalance that is found in the rupture-prone subset of atherosclerotic lesions (159) . Such scenario invites us to envision that acidic pH in atherosclerotic lesions not only promotes atherogenesis, but may also contribute to the often lethal atherothrombotic complications of the disease.
After having defined the acidic intimal environment as a perfect soil for atherogenesis, we need to ask: how to change it back to neutral? Obviously, we do not know the answer, but are compelled to find it. It is of great interest to note that recent developments in nanoparticle-based therapy of cancer are exploiting the acidic extracellular environment of a tumor for targeted drug delivery to cancer cells (160) . Importantly, recent understanding of the similarities between cancer cells and inflammatory cells has unraveled the role of AMP-activated protein kinase (AMPK) as an inhibitor of glycolysis that boosts oxidative phosphorylation (8, 27, 161) . The AMPK is activated by certain drugs and xenobiotics, most notably by the type 2 diabetes drug metformin and by the classic anti-inflammatory drug salicylate (8, 27, 161) . This new information, coupled with the developing technologies for acid-dependent drug delivery, might guide us when searching for new therapeutics and antiatherogenic strategies. The prospects of a successful novel proton-lowering strategy are increased when considering that attenuation of the rate of glycolysis in macrophages may be associated with a phenotypic shift from a pro-inflammatory into an anti-inflammatory macrophage (8) .
Footnotes
The abbreviations used in this study: AMPK, AMP-activated protein kinase; FcγR, Fcγ receptor; HIF-1α, hypoxia-inducible factor 1α; IFN-, interferon-; IL, interleukin; LAL, lysosomal acid lipase; LPL, lipoprotein lipase; LPS, lipopolysaccharide; NF, nuclear factor; PLA 2 , phospholipase A 2 ; ROS, reactive oxygen species; RCT, reverse cholesterol transport; SMase, sphingomyelinase; TNF, tumor necrosis factor. Extracellular acidity enhances retention, modification, and aggregation of LDL, and so promotes both extra-and intracellular cholesterol accumulation. Extracellular acidity also remodels HDL particles with generation of pre-HDL. However, in acidic environments pre-HDL is prone to degradation by acidic proteases. Moreover, acidity decreases the expression of the ABCA1 transporter and the secretion of apoE by macrophage foam cells, so decreasing cholesterol efflux from these cells.
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